Introduction
Packed-bed reactors are commonly used in chemical processing because of their relatively high contacting area. Of special interest are packed beds for solar-driven thermochemical processes, e.g., the thermal and carbothermic reductions of ZnO ͓1,2͔ and the gasification of coal ͓3,4͔, which proceed above 1500 K using concentrated solar radiation as the energy source of high-temperature process heat. At these temperatures, thermal radiative transport becomes the dominant heat transfer mode. Thus, knowledge of the radiative properties of packed beds is crucial for the engineering design and optimization of these chemical reactors and processes. Experimental investigations of transmittance and extinction coefficients of porous media have been performed for foams and packed beds of opaque, transparent, and semitransparent phases ͓5-8͔. Numerical simulation were carried out for artificially generated ͓9-16͔ and real ͓17,18͔ porous media by applying the radiative distribution function identification ͑RDFI͒ ͓9,17,18͔, Monte Carlo ͑MC͒ ͓15,16͔, two-flux ͓10-12͔, and discrete ordinate ͓13͔ methods.
In this paper, the RDFI method, calculated by MC, is applied to determine the radiative properties of a packed bed containing large nonspherical semitransparent particles. CaCO 3 particles ͑source: Carrara marble; Ferret's diameter= 3 mm͒ have been selected for modeling because of their relevance in the hightemperature processing of lime, cement, and other material commodities, and in the capture of CO 2 from combustion flue gases ͓19͔.
Radiative characteristics of packed beds containing complex morphological structures may significantly deviate from those obtained when applying simplifying approximations, e.g., spherical particles. In this paper, computer tomography ͑CT͒ is applied to obtain the exact 3D geometrical representation of complex porous media composed of semitransparent phases. CT allows for nondestructive scanning of the structure in a single experimental run. In contrast to previous investigations ͓9-16͔, the CT-based methodology enables the determination of accurate effective radiative properties in the limit of geometric optics with negligible diffraction, which, in turn, can serve as reference values to those obtained by approximate methods.
where s,i and ⌽ i are the internal scattering coefficient and internal scattering phase function of the bulk material forming phase i, s,ii and ⌽ ii are those associated with internal reflections and internal scattering within phase i, and s,ij and ⌽ ij , i j, are those associated with radiation leaving phase i and entering phase j. Thus, s,ii = s,refl,i + s,i ͑2͒
where s,i , k i , and ⌽ i are determined by applying an appropriate theory, e.g., Mie. The two-phase medium morphology-associated properties s,refl,i , s,ij , ⌽ refl,i , and ⌽ ij are determined by applying the MC methodology outlined below.
Methodology
The collision-based Monte Carlo ray-tracing method is used ͓20͔. Characteristic size parameters = d h / ӷ1 for both phases are assumed; thus, geometric optics is valid ͓21͔. A large number of stochastic rays are launched within a representative elementary volume ͑REV͒. The rays are emitted isotropically and are uniformly distributed over REV. They undergo scattering/absorption internally and reflection/refraction at the fluid-solid interface. The distance between emission and collision points, and the direction of incidence at the interface are recorded for each ray. The following probability density and cumulative distribution functions, and the corresponding medium properties are then computed.
For the attenuation ͑extinction͒ path length within phase i,
For the absorption path length within phase i,
For the scattering path length associated with refraction from phases i to j, and reflection and internal scattering within phase i,
͑10͒ For the direction of incidence at the phase interface within phase i,
͑13͒
In Eqs. ͑5͒-͑13͒, N ray,i is the number of rays launched in phase i within REV, and N att,i is the number of rays attenuated in phase i at the phase interface. Computer tomography. The sample consists of a packed bed of nonspherical CaCO 3 particles randomly placed in a 4.5 cm-diameter rubber tube, as seen in Fig. 1͑a͒ . The sample is exposed to a polychromatic X-ray beam, generated by electrons incident on a wolfram target and filtered by a 0.0025 mm Re filter. The generator is operated at an acceleration voltage of 140 keV and a current of 0.11 mA. A Hamamatsu flatpanel C7942 CA-02 protected by a 0.1 mm brass filter is used to detect the transmitted X-rays. The sample is scanned at 600 angles ͑projections͒. Each projection is an average over 8 scans with exposure time of 0.25 s, leading to a voxel size of 45 m. Figures 1͑b͒ and 1͑c͒ show the 2D tomographic image and the 3D surface rendering of the sample, respectively.
The histogram of the normalized absorption values ␣ / ␣ max , shown in Fig. 2 , reveals two distinct peaks that account for the solid and fluid ͑void͒ phases. The calculated and nearly identical width of the two peaks supports the assumption of homogeneity. The calculated minimum between the two peaks ͑␣ / ␣ max = 0.43͒ is used as threshold value for phase identification. Phase boundaries between two CaCO 3 particles are neglected, as they cannot be distinguished in the tomography images.
Porosity and specific surface. The two-point correlation function indicates the probability of two points separated by a distance r to be in the void phase, given by ͓22,23͔
where is the pore-space indicator function ͑=1 if the point lies within the void space; =0 if it lies within the solid phase͒. The specific surface area and porosity are calculated from ͓22͔ ͯ ds dr
͑16͒
s 2 ͑0͒ = ͑17͒ Figure 3͑a͒ shows the two-point correlation function for the CaCO 3 packed bed. The calculated porosity is 0.39, which compares well with the porosity determined experimentally from the sample weight 0.40Ϯ 0.02. This value is close to the one for a dense random or orthorhombic packed bed made of uniform monodispersed spheres ͓24͔. The calculated specific surface area is 1.31ϫ 10 3 m −1 , which corresponds to an analytically calculated particle diameter of 2.8 mm for uniform monodispersed spheres. As will be shown later, the hydraulic particle diameter for the randomly shaped CaCO 3 particles lies around 1.9 mm.
Representative elementary volume. REV indicates the minimum volume for which the continuum assumption is still valid. REV is determined based on the porosity for subvolume sizes at ten random locations in the sample, as indicated in Fig. 3͑b͒ . Note that for an edge length l approaching zero, the porosity is either 0 or 1, depending whether the point lies in the void or the solid phase. Assuming a tolerance band of Ϯ0.01, l REV = 0.0152 m ͑for Ϯ0.02, l REV = 0.0105 m; for Ϯ0.05 l REV = 0.0054 m͒ and is used as the minimum sample size in the following analysis.
Pore and particle size distributions. Opening, a mathematical morphology operation consisting of erosion followed by dilation using the same structuring element, is applied to calculate the pore and particle size distributions, i.e., the size distribution defined by the sphere that fits completely within the pore or particle space, respectively. Figure 4 shows the distribution functions of the pore and particle sizes. The median, mode, mean, and hydraulic diameters d h,particle =4 / A 0 and d h,pore =4͑1−͒ / A 0 are listed in Table 1 . Thus, the assumption of geometrical optics is valid for Ͻ 3500 m.
Radiative Properties.
In this section, the void phase and the CaCO 3 particles of the packed bed are referred to as fluid and solid phases, respectively. The corresponding phase indices i , j used in Eqs. ͑5͒-͑13͒ are 1 for the fluid phase and 2 for the solid phase. Spectral calculations of the radiative properties are performed for 150 distinct points between 0.1 m and 100 m. Reflection and refraction at the specularly reflecting and diffusely reflecting interfaces are modeled by Fresnel's equations and diffuse reflection/refraction, respectively.
Single-phase internal radiative properties. The fluid phase is assumed to be transparent, i.e., its internal absorption and scattering coefficients s,1 and 1 , respectively, are equal to zero, and its refractive index is equal to 1. The bulk properties of CaCO 3 are determined based on the properties of CaCO 3 grains ͑monocrys-tals͒. They are randomly shaped and oriented, as seen in the scanning electron microscope ͑SEM͒ photograph of Fig. 5 . Their characteristic size is 160 m. Figure 6 shows the complex refractive index m 2 = n 2 − ik 2 of CaCO 3 ͓25͔. In the spectral range 0.2-6 m, the imaginary part was obtained by applying the Lorentz theory ͓26͔. Transactions of the ASME
The directional-hemispherical reflectivities at the specular fluid-solid interface for radiation incident from the fluid phase sp,12 and for radiation incident from the solid phase sp,21 are calculated using Fresnel's equations ͓21͔. The hemispherical reflectivities of both sides of a diffuse fluid-solid interface d are equal to that for a diffuse CaCO 3 surface ͓27͔. For Ͻ0.8 m and Ͼ2.5 m, the hemispherical reflectivity is extrapolated with constant values 0.85 and 0.87, respectively. sp,12 , sp,21 , and d are shown in Fig. 7 as a function of wavelength. The internal radiative coefficients of CaCO 3 , s,2 , and 2 , obtained by applying the Mie theory, are shown in Fig. 8 ͓28͔ . The spectral oscillations, particularly for Ͼ6 m, result from oscillations in the complex refractive index ͑see Fig. 6͒ . The internal scattering within CaCO 3 is assumed isotropic ͑⌽ 2 =1͒. Figure 9 shows the ratio of the scattering efficiency factor for dependent scattering, calculated by gas, packed-sphere, liquid, or modifiedliquid model ͓29͔, to that for independent scattering calculated by Mie theory ͑assumed f v =1͒. Dependent scattering effects are thus neglected in this study since the maximal reduction in the scattering efficiency factor for 100 m ϾϾ0.1 m is only about 10%.
Two-phase medium radiative coefficients. The scattering coefficients of the CaCO 3 packed-bed two-phase medium are shown in Fig. 10 as a function of wavelength for the fluid phase ͑Figs. 10͑a͒ and 10͑b͒͒ and the solid phase ͑Figs. 10͑c͒ and 10͑d͒͒, assuming specularly reflecting particles ͑Figs. 10͑a͒ and 10͑c͒͒ and diffusely reflecting particles ͑Figs. 10͑b͒ and 10͑d͒͒. The reflection behavior of the fluid-solid interface significantly influences s,ij and s,refl,i . For the fluid phase and specular interface, s,refl,i Ͻ s,ij for Ͻ 6 m, while for the diffuse interface s,refl,i Ͼ s,ij . For the solid phase, s,refl,i Ͼ s,ij , and this trend is independent of the reflection interface type. s,refl,1 , obtained for the specular and diffuse interfaces, clearly follows the shape of sp and d , respectively ͑see Fig. 7͒ . s,refl,2 and s,21 are additionally influenced by the presence of the total reflection phenomenon in the particle. Obviously, for any phase, s,ij is complementary to s,refl,i since it refers to the transmitted portions of radiation across the interface.
The extinction coefficients ␤ i are shown in Fig. 11 . They are independent of the interface reflection type ͑specular/diffuse͒. In addition, ␤ 1 is independent of as it is a function of the interface geometry only. ␤ 2 increases with because of the increasing 2 + s,2 . The spectral oscillations in ␤ 1 result from the statistical MC oscillations. The spectral oscillations in ␤ 2 are mostly the result of the spectral oscillations of 2 and s,2 ͑see Fig. 8͒ .
Two-phase medium scattering phase functions. The probability density functions of the directional cosine of the incidence angle at the fluid-solid interface, determined by MC, are plotted in Fig.  12 for both phases. Assuming 2 = s,2 =0, F in ,1 and F in ,2 compare well to F in , computed for identical overlapping opaque spheres ͑IOOS͒ and for identical overlapping transparent spheres ͑IOTS͒, respectively ͓9,17͔. For the real values of 2 and s,2 , F in ,2 depends weakly on ␤ 2 and hence on . The dependency of F in ,2 on ␤ 2 is explained by the fact that, for increasing ␤ 2 , the incidence angles corresponding to longer paths occur less frequently. Functions F in ,i are then used to calculate the scattering phase functions by applying Eqs. ͑12͒ and ͑13͒.
Figures 13 and 14 show the scattering phase functions for spectral and diffuse interfaces, respectively, as a function of the cosine of the scattering angle at selected wavelengths = 0.1 m, 1 m, 10 m, and 100 m. ⌽ 12 and ⌽ 21 are identical for the specularly reflecting solid-fluid interface because the Fresnel's equation gives the same results when the angle of incidence and transmission are interchanged ͓21͔. The forward scattering peak decreases with due to increasing normal-hemispherical reflectivity of the interface, which in turn is the result of the increasing n 2 and k 2 . Since total reflection is assumed for the diffuse interface, ⌽ 21 =0 for s Ͻ − ͱ 1− refl,tot 2 . For the specular interface, ⌽ refl,1 and ⌽ refl,2 are clearly functions of due to the spectral variation of sp , while − refl,tot . Obviously, ⌽ 11 is equal to ⌽ refl,1 because of the absence of internal scattering in the fluid phase. In contrast, ⌽ 22 is mostly influenced by ⌽ 2 because of the large internal scattering in the solid phase ͑see Eq. ͑3͒͒.
Sensitivity analysis. A MC parametric study is carried out to elucidate the influence of the uncertainties in n 2 , k 2 , and d on the radiative properties by varying by Ϯ20% their reference values n 2 = 1.64, k 2 = 2.3ϫ 10 −5 , and d = 0.87 at =1 m. These variations do not affect ␤ i ͑Ͻ1% change͒. 2 is influenced by variations of k 2 ͑up to 20%͒ and n 2 ͑6%͒ for specular and diffuse fluid-solid interfaces. For the specular interface, variation of n 2 leads to remarkable effect on s,refl,1 , s,refl,2 , s,12 , and s,21 ͑up to 66% change͒, because sp depends on n 2 . For diffusely reflecting particles, variation of n 2 and k 2 leads to only small variations in s,refl,1 , s,refl,2 , and s,12 ͑up to 5% change͒ due to the varying particle optical thicknesses and the total reflection angles. The change in s,21 is up to 55%. The variation of d has a more pronounced effect on the scattering coefficients. For example, for d = 1.0 ͑no refraction͒, s,ij = 0, while reduction in d by 20% nearly doubles s,ij . Decreasing values of n 2 augments the forward scattering peaks of ⌽ 12 and ⌽ 21 for both specular and diffuse interfaces, as seen in Fig. 15 . This is due to smaller relative angles between the incident and refracted rays for both specular and diffuse interfaces, according to Fresnel's equations. Variations of k 2 and d by Ϯ20% do not affect the scattering phase functions. Variation of n 2 has an effect on ⌽ refl,1 and ⌽ refl,2 for the specular interface because the shape of sp ͑ in ͒ depends on n 2 . Specular reflection generally leads to more pronounced forward scattering in ⌽ refl,1 and ⌽ refl,2 , mainly as a result of the enhanced reflective behavior of the interface at larger incidence angles, while backward scattering is favored for diffusely reflecting particles. This behavior is less evident for materials with higher ␤ 2 and s,2 , respectively, since the fraction of internal ͑isotropic͒ scattering is larger. Sensitivity analysis of the statistically determined characteristic size of the grains indicates that reduced grain size enhances the variations in the extinction behavior for wavelengths above 10 m, while the opposite is true for larger grain sizes. Changing the characteristic size by Ϯ20% leads to variations in the extinction efficiency of up to 13%, scattering efficiency of up to 25%, and absorption efficiency of up to 19%.
Accuracy and validation of the MC algorithm. MC convergence is examined for 2-norms of F in ,i , G e,i , G a,i , and G s,ij for 10 4 , 10 5 , 10 6 , 10 7 , and 10 8 stochastic rays, normalized with respect to the reference solution for 10 9 rays, ⑀ = ʈȳ − ȳ ref ʈ 2 / ʈȳ ref ʈ 2 , with ȳ being the computed vector of the corresponding cumulative distribution function for the corresponding number of rays. The results are shown for the selected functions in Fig. 16 . ⑀ decrease exponentially with N ray . The maximum ⑀ = 1.3, obtained for F in ,2 using N ray =10 4 , decreases to 1.2ϫ 10 −2 using N ray =10 8 . ⑀ is relatively high for F in ,2 because of the large values of the optical thickness inside the particles, which leads to a small number of rays reaching particle boundaries and, consequently, high uncertainties in F in ,2 .
The MC algorithm was used to calculate the radiative characteristics of an independently scattering particle cloud of large opaque spheres for f v = 1.6ϫ 10 −3 , d =2 m, n = 1.64, and k = 2.6 ϫ 10 −5 at =1 m. The scattering phase functions for diffusely reflecting and specularly reflecting particle surfaces are plotted in Fig. 17 . Also shown are the corresponding phase functions obtained analytically ͓21͔. 
͑19͒
The scattering and extinction coefficients can be calculated analytically ͓21͔ as follows:
where Q s,d = d , Q s,sp = sp , and Q e = 1 for large spheres without diffraction ͓21͔. The MC-computed scattering coefficients for diffuse and specular particles, and the extinction coefficients are 1071 m −1 , 126 m −1 , and 1237 m −1 , respectively; the analytically calculated ones are 1032 m −1 , 121 m −1 , and 1200 m −1 , respectively. Furthermore, the code was validated for IOOS and IOTS ͓17͔.
The anisotropy of the sample was examined by subdividing the volume domain in eight subvolumes and calculating ␤ i along each coordinate axis for each subvolume ͓17͔, assuming opaque particles. The results are presented in Fig. 18 and indicate the negligible role of the sample's anisotropy.
The MC algorithm was further used to compute the radiative characteristics of a cubic ͑ = 0.48͒ and orthorhombic ͑ = 0.40͒ packed bed of glass spheres ͑n = 1.5, k =0 at = 0.6328 m͒ with diameter 1.269 mm. Since the glass particles are transparent at = 0.6328 m, I 1 ͑ŝ͒ = I 2 ͑ŝ͒ ͓18͔ and ␤ MC = ␤ 1 + ␤ 2 ͑1−͒. ␤ MC was calculated to be 1775 m −1 and 1952 m −1 for the cubic and orthorhombic bed configurations, respectively. The experimentally determined value for a randomly packed bed ͑ = 0.42͒ was ␤ EX = 2326Ϯ 416 m −1 ͓6͔. The strength of the CT-based methodology is that it can utilize the exact 3D geometry of porous media in the limit of the geometric optics with negligible diffraction. Once the accurate spectral bulk ͑microscale͒ radiative properties of the material and interface are known, the macroscale radiative properties can be determined with good accuracy.
Conclusions
A computational technique has been developed to study the thermal radiative properties of two-phase media containing densely packed large nonspherical semitransparent particles. The 3D digital geometry of a packed bed of CaCO 3 particles was obtained by employing CT and was used to directly determine medium morphological characteristics such as porosity, specific surface, pore and particle size distributions, and the REV for continuum domain. The collision-based MC method was applied to calculate the probability distribution functions of the attenuation path length and the direction of incidence at the fluid-solid interface for the fluid and solid phases, which, in turn, were used to obtain the radiative properties of the two-phase medium.
Spectral extinction coefficients were found to be independent on the reflectivity type ͑specular/diffuse͒ of the fluid-solid interface. In contrast, they depend strongly on the packed-bed geometry and the internal extinction coefficient s,2 + 2 , which increases with wavelength due to the increasing complex refractive index. The scattering coefficients associated with refraction and reflection at the fluid-solid interface s,ij ͑i j͒ and s,refl,i , respectively, depend on its morphology and reflective characteristics and on the internal radiative properties of the solid phase. s,ij and s,refl,i behave complementary. Scattering functions related to the diffraction phenomenon ⌽ ij ͑i j͒ are restricted by total reflection. ⌽ refl,i strongly depends on wavelength for specularly reflecting interfaces, while the opposite is true for diffuse-reflecting interfaces. Forward scattering was found to be predominant for specular-reflecting particles, while backscattering is typical for diffusely reflecting particles. Large internal extinction coefficient with isotropic internal scattering lead to less pronounced directional behavior of ⌽ ii .
Directional determination of the extinction coefficient elucidated the negligible anisotropy of the sample. The MC algorithm was validated by computing the radiative properties of semitransparent porous media reported in the literature.
The methodology presented here can be generally applied for the determination of the radiative properties of porous materials of complex geometry, especially for low porosity media where measurements become difficult.
